We report simulation results for turbulent magnetic reconnection obtained using a newly developed Reynolds-averaged magnetohydrodynamics model. We find that the initial Harris current sheet develops in three ways, depending on the strength of turbulence: laminar reconnection, turbulent reconnection, and turbulent diffusion. The turbulent reconnection explosively converts the magnetic field energy into both kinetic and thermal energy of plasmas, and generates open fast reconnection jets. This fast turbulent reconnection is achieved by the localization of turbulent diffusion. Additionally, localized structure forms through the interaction of the mean field and turbulence.
Critical questions relating to magnetic reconnection are how and when does fast reconnection take place, particularly in the case of a high magnetic Reynolds number (R m ∼ 10 10 ). Because a magnetic Reynolds number is sufficiently high to maintain turbulence in space, much attention has been paid to the relationship between turbulence and magnetic reconnection [1] . For example, it has been theoretically suggested that in strong Alfvénic turbulence, the reconnection rate does not depend on electric resistivity, but rather on the properties of turbulence (such as the characteristic scale length and power of the fluctuation) [2] . The scenario has been examined in magnetohydrodynamics (MHD) simulations, where external turbulence is forced in a current sheet [3] . The effect of turbulence on the reconnection rate has also been investigated in large-scale two-dimensional simulation; it was suggested that there is a critical turbulent power above which turbulence greatly affects reconnection and the reconnection rate has weaker dependence on electric resistivity than does Sweet-Parker [4, 5] reconnection [6] . Another study focused on reconnection in turbulence in terms of a turbulent cascade, and it was suggested that reconnection rates are distributed and controlled by turbulence [7] . Recently, another viewpoint on the relationship between turbulence and reconnection has been presented according to the theory of MHD turbulence [8] . In that study, it was theoretically suggested that the generation of cross-helicity W ≡ v ′ · b ′ (where v ′ and b ′ are respectively the characteristic velocity and magnetic field of the turbulent motion) dramatically enhance the rate of reconnection. We apply a Reynolds-averaged MHD model and investigate the nonlinear evolution of turbulent reconnection. In the model, physical quantities (such as the velocity v) are decomposed into mean and turbulent quantities; e.g., v = V + v ′ (where the capital letter stands for the mean quantity). In this study, tubulent effects are included in Ohm's law. Taking the ensemble average, ... (e.g., v = V ), of the Ohm's law gives a following equation:
where v ′ × b ′ is the electromotive force due to effects of turbulence, and it modulates the mean electric field.
Mean variables, such as V and B, are obtained using ordinal MHD equations:
∂ ∂t
where I is the unit tensor. Note that the velocity is normalized by the Alfvén velocity. γ a is an adiabatic index and set to γ a = 5/3. The most important part of modeling turbulence is the evaluation of the electromotive force, v ′ × b ′ , which reflects the information of turbulence. Here, we applied the model for inhomogeneous MHD turbulence [9] [10] [11] . In this model, the electromotive force can be written as
where Ω = ∇ × V is the mean vorticity. β t and γ t are respectively expressed as
′ are respectively the macroscopically defined turbulent energy and crosshelicity. τ is the characteristic time scale of turbulence. C β and C γ are model constants of O(10 −1 ). (We checked that the result did not strongly depend on their exact values.) We set C β = C γ = 0.3 in the present paper. The advantage of this model is that the coefficients β t and γ t are determined by the following equations for turbulence [12] :
where ǫ K and ǫ W are respectively the dissipation rates of turbulence energy and cross-helicity. They are given by
where C W is a model constant [13] , and set to 1.3 here. The above set of equations (1)- (10) is numerically solved using the two-dimensional (x-z plane) fourthorder Runge-Kutta and fourth-order central difference scheme [14] . Grid intervals ∆x and ∆z are fixed to unity, and the simulation size is
Boundaries in x-and z-directions are both periodic, and a pair of Harris current sheets is assumed. Hereafter, only the region |z| /L z ≤ 0.25 (i.e., the lower current sheet) is discussed. In this simulation model, we must give the initial conditions for both the mean field (such as B and P ) and the turbulent field (such as K and W). As for the initial mean field, the mean magnetic field for the
is half-thickness of the initial current sheets. e x and e z are respectively the unit vectors in x-and z-directions. The plasma beta outside the current sheets is set to β p = 0.5, and the spatial distribution of P is determined to satisfy the pressure balance. Additionally, uniform electric resistivity, η = 1.0 × 10 −2 , is assumed to avoid numerical instability.
As for the initial turbulent field, we assume W = 0 and K = 1.0 × 10 −2 everywhere. We found that the magnitude of K did not change the basic property of turbulent reconnection. In addition, a steady state of turbulent energy, ∂K/∂t = 0, is assumed in the initial current sheets.
Because Ω = V = 0 and W = 0 at the center of the current sheets, it holds that τ 0 = C (6), (7), and (9) are used.) To investigate the relationship between turbulence and reconnection, we slide τ from the steady state, τ = τ 0 , by introducing the parameter C τ as τ = C τ τ 0 . It should be noted that τ is constant throughout each simulation run. We execute simulations with different C τ values, and the characteristic cases A-D are summarized in Table I. (The total number of simulation runs corresponds to the number of red points in Figure 2 .) Since C τ determines the characteristic time scale of turbulence, it controls dissipation rate of turbulent energy, ǫ K . For example, if C τ is much smaller than unity, ǫ K becomes ǫ K ≫ 1, and K → 0 is expected as the simulation time passes. In such a case, the system will develop into laminar flow. On the other hand, in the case of C τ ≫ 1, it is expected that the system quickly becomes turbulent, and reconnection will not occur owing to strong turbulent diffusion. (Here it is noted from equations (1), (5), and (6) that the β t -related term in the induction equation is 
, and the turbulent diffusion of the mean magnetic field increases as K increases.) Therefore, in this study, we focus on the most interesting parameters around C τ ∼ 1. Figure 1 shows the time evolution of the reconnected magnetic flux, Λ ≡ +Lx/2 −Lx/2 dx |B z | z=0 /(B x0 L x ), for simulation runs (A)-(D). (In Run (C'), the cross helicity, W, is switched off in order to discuss the contribution of W to the reconnection rate. This is referred to later.) Time is normalized by the Alfvén transit time, τ A ≡ δ/V A . In the present paper, we do not discuss the evolution at time t/τ A > 260 to avoid the boundary effect on the reconnection [15] . The black line shows the reconnected flux, Λ, in the case of C τ = 0.05. In this case, both β t and γ t soon drop to zero, and the reconnection becomes slow laminar one. As C τ increases, reconnection develops more quickly, and the development is fastest around C τ ∼ 1.2 (see the red line) for the present simulation parameters. However, with larger C τ , the speed of reconnection again drops (see the dark-green line), and falls below that of laminar reconnection. In this case, the turbulent energy K quickly increases, and the resultant strong turbulent diffusion in the initial current sheet prevents reconnection. As a result, no outflow jet is observed. (The profile of the velocity is shown in the bottom panel of Figure  3 as black arrows.) Figure 2 shows the relationship between reconnected magnetic fluxes and the parameter C τ at t/τ A = 254 for all simulation runs. The figure clearly shows that the initial current sheet develops in three ways depending on C τ values and the speed of reconnection is fastest for a moderate C τ value (C τ ∼ 1).
We now discuss the spatial structures of the above three cases. In Figure 3 , the y components of the electric current at t/τ A = 254 in the laminar (C τ = 0.05) and turbulent (C τ = 1.2, 3.0) cases are shown as contour plots. Flow vectors are overlaid as black arrows. In the laminar case, a Sweet-Parker-type current sheet forms [16, 17] , and reconnection is more gradual than in the turbulent case. Under strong turbulence (C τ = 3.0), the initial current sheet (with thickness ∼ 0.04 z/L z ) quickly broadens and reconnection does not take place, as shown in the bottom panel. On the other hand, in the case of turbulent reconnection (C τ = 1.2: see the middle panel), two pairs of current sheets formed as Petschek-type reconnection [18] , and open reconnection jets are observed. The existence of Petschek-type reconnection itself has already supported by the results of anomalous resistivity models [19, 20] , however, the inherent physical processes of turbulent reconnection are quite different from them. It should manifest that the physics is self-consistently determined by the nature of MHD turbulence. In such fast reconnection cases, both the turbulent energy K and cross-helicity W are efficiently produced, and the turbulent diffusion near the magnetic neutral point is locally strengthened. The upper two panels of Figure 4 show the spatial distributions of the turbulent energy K and cross-helicity W near the turbulent diffusion region at time t/τ A = 254 in the case of C τ = 1.2. These spatial distributions of K and W are determined by the interaction between the mean and turbulent fields. In the first stage of turbulent reconnection, as V ∼ 0 and W ∼ 0, the production term of equation (7)
dominates. The increasing β t = C β τ K then facilitates turbulent diffusion and triggers reconnection. Subsequently, topological change in the magnetic field and vorticity develops. The electric current and vorticity generate the cross-helicity, according to the production term of equation (8)
In this way, a quadrupole structure of W forms. Then, W plays an important role on the development of the localized turbulent diffusion region. In the absence of W, the turbulent diffusion region broadens as is shown in the bottom panel of Figure  4 . On the other hand in the presence of W, K is locally strengthened and the reconnection rate increases compared to that in the W = 0 case (see red-solid and red-dashed lines in Figure 1) .
In this paper, the relation between turbulence and magnetic reconnection was investigated using the Reynolds-averaged MHD model, where mean and turbulent fields develop by interacting with each other. It was found that the initial current sheet develops in three ways: laminar reconnection, turbulent reconnection, and turbulent diffusion. Reconnection develops most quickly in the second case, and it macroscopically appears as a single X-type reconnection with open fast outflow jets owing to the locally strengthened turbulent diffusion. Such fast turbulent reconnection would, for example, play an important role in the region where there is a large gap between the overall and dissipation scales. It is not clear whether reconnection around the dissipation scale really develops into a huge-scale phenomenon. Assuming the existence of turbulence, however, the thickness of the current sheet does not necessarily become as thin as the dissipation scale, if β t > η. Instead of dissipationscale physics, turbulent diffusion could macroscopically change the topology of (mean) magnetic fields. On the other hand, in the case that the scale gap is comparatively small, kinetic effects should be taken into account. From the viewpoint of turbulent reconnection, the outflow of collisionless magnetic reconnection could become turbulent without any forced perturbation [21] . Additionally, along the boundary between inflow and outflow regions, Alfvén waves could be driven by the ion beam accelerated around the diffusion region [22] . We suggest that such self-generated turbulence and waves would macroscopically appear as sources of K and W, and may further enhance the turbulent diffusion and the resultant reconnection rate.
The model allows us to investigate phenomena of MHD turbulence even in the case of a high magnetic Reynolds number, and we hope that this will contribute to studies where direct numerical simulation (DNS) is difficult or impossible. On the other hand, it should be mentioned that the model provides less accuracy than DNS. For example, in the present paper, the characteristic turbulent timescale τ is assumed to be constant, and this may result in overestimation of turbulent diffusion in the case of C τ ≫ 1. The timescale of turbulence, as well as the dissipation rate of turbulent energy, should be determined according to the nonlinear dynamics of turbulence. In future works, the accuracy of the model needs to be improved through mutual understanding with DNS and observations to clarify the role of turbulence in various phenomena.
